To identify the effect of nitrogen (N) nutrition on photosynthetic efficiency and mesophyll conductance of rice seedlings (Oryza sativa L., cv. 'Shanyou 63' hybrid indica China), hydroponic experiments with different concentrations of N were conducted in a greenhouse. Although leaf N concentration on a dry mass basis increased with increasing supply of N, no significant differences in seedling biomass were observed. A higher light-saturated CO 2 assimilation rate (A) with a high concentration of supplied N was associated with a higher carboxylation efficiency (CE), but not a higher apparent quantum yield (a). Based on classic photosynthetic models, both the Rubisco content and the ribulose bisphosphate (RuBP) regeneration rate were sufficient for light-saturated photosynthesis in rice seedlings; the estimated chloroplastic CO 2 concentration (C c ) and mesophyll conductance (g m ) demonstrated that a low C c was the ultimate limiting factor to photosynthetic efficiency with a higher N supply. Due to a greater chloroplast size (i.e. a shorter distance to the plasma membrane) with a higher supply of N, the CO 2 transport resistance in the liquid phase (g liq ) in high-N leaves was lower than that in low-N leaves, which resulted in higher g m and C c in high-N leaves. Although CE A/Ci was higher with a high supply of N, there were no differences in CE A/Cc between plants grown with different concentrations of N, indicating that the carboxylation capacity of Rubisco between plants grown at different N concentrations was constant. The enhanced photosynthetic rate with supply of a high N concentration was attributed to a higher CO 2 concentration in the chloroplasts, related to a higher mesophyll conductance due to an increased chloroplast size.
Introduction
C 3 photosynthesis in air under saturating light intensity is primarily limited by one of three parameters: (i) the amount and activity of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco); (ii) the regeneration rate of ribulose bisphosphate (RuBP); and (iii) the synthesis of starch and sucrose to consume the products of photosynthesis and the regeneration rate of Pi for photophosphorylation (Farquhar et al., 1980; Sage, 1990; Manter and Kerrigan, 2004) . Under ambient CO 2 concentration (CO 2 concentration of 380 ll l À1 ), the rate of photosynthesis is considered to be limited by Rubisco carboxylation capacity. Rubisco activity is extremely low in C 3 plants (Makino et al, 1997b; Spreitzer and Salvucci, 2002; Jin et al., 2006) ; only 25% of its potential catalytic capacity is being used . The carboxylation capacity of Rubisco is dependent on CO 2 partial pressure, since Rubisco activity is induced by chloroplastic CO 2 ; however, due to low kinetic affinity for CO 2 and high resistance in the CO 2 diffusion pathway (liquid phase), the CO 2 partial pressure at the catalytic site of Rubsico (C c ) is usually not saturated for C 3 plants (Bernacchi et al., 2002; Leegood et al., 2004; Flexas et al., 2006) . In contrast to C 3 plants, a CO 2 -concentrating mechanism (CCM) in C 4 plants leads to a saturating C c for Rubisco which results in a fully activated Rubisco (Dai et al., 1993; .
Rubisco is the most abundant enzyme in C 3 plants. It comprises ; 27% of total leaf N (reviewed, for example, by Evans, 1989; Makino et al., 1997b) . Numerous studies have demonstrated a positive linear relationship between the amount of Rubisco and the N concentration in mature leaves, and a decrease in the amount of Rubisco results in a reduced light-saturated photosynthetic rate (A) (Makino et al., 1997b) . However, some studies show that under ambient conditions (i.e. full sunlight and ambient CO 2 concentration of 380 ll l À1 ), the amount of Rubisco is generally higher than required for photosynthesis (Quick et al., 1991; Eichelmann and Laisk, 1999; Warren et al., 2003) .
The supply of an excessive concentration of N generally results in an increase in leaf N concentration and amount of Rubisco (Ookawa et al., 2004) . However, the benefits of a high amount of Rubisco in photosynthesis are partially offset by a lower Rubisco activation state in high-N leaves (Cheng and Fuchigami, 2000; Ray et al., 2003) , and Rubisco may also function as a N-storage compound in addition to a catalytic enzyme (Warren et al., 2003) . A decrease in the Rubisco activation state very often leads to lower photosynthetic N-use efficiency (PNUE, photosynthetic rate per unit leaf organic N).
Despite a decreased Rubisco activation state, the lightsaturated photosynthetic rate in high-N leaves is generally higher than that in low-N leaves (Reich et al., 1995; Makino et al., 2003) . With a higher amount of Rubisco in C 3 plants, chloroplastic CO 2 partial pressure may impact the photosynthetic efficiency since Rubisco activity is induced by C c . Previous studies demonstrated that total Rubisco activity in high-N leaves is higher than that in low-N leaves (Evans, 1983; Cheng and Fuchigami, 2000) ; however, the question which still remains open is which limiting factor for photosynthesis impacts the photosynthetic efficiency when plants are supplied with a high concentration of N. In the present study, it is hypothesized that, under a higher supply of N, the increased photosynthetic rate is associated with a higher C c , which, consequently, increases total Rubisco activity. To verify this hypothesis, gas-exchange parameters and chlorophyll fluorescence of rice seedlings were analysed under conditions where plants were supplied with different concentration of N, and the relationship between C c , mesophyll conductance (g m ), and the distance between the chloroplastic envelope and the cell wall is described further.
Materials and methods

Plant material and growth conditions
After germination on moist filter paper, rice seeds (Oryza sativa L., cv. 'Shanyou 63' hybrid indica China) were transferred to a 2.0 mmol l À1 CaSO 4 solution for germination at 3065°C. Three days afterwards, rice seedlings were transplanted to 6.0 l rectangular containers (30320310 cm), and transferred into a 1/4 strength nutrient solution (for composition, see below). After a further 3 d, seedlings were transferred to a 1/2 strength nutrient solution and then, 5 d later, seedlings were supplied with full-strength nutrient solution for 1 week. Seedlings were supplied with nutrient solutions containing either low N (20 mg l A nitrification inhibitor (dicyandiamide) was added to each nutrient solution to prevent oxidation of ammonium. Nutrient solutions were changed every 2 d, and the pH was adjusted to 5.5060.05 every day with 0.1 mol l À1 HCl and 0.1 mol l À1 NaOH. All the treatments had five replicates with a completely random design. The placement of different treatments was randomized to avoid edge effects in the greenhouse.
Plants were grown in a greenhouse at 25/18°C day/night temperature. Light was supplied with SON-T AGRO 400 W bulbs, maintaining a light intensity at a minimum of 1000 lmol photons m À2 s À1 (PAR) at the leaf level, and a 14 h photoperiod.
Gas-exchange and fluorescence measurements
Four weeks after treatments started, the rate of lightsaturated photosynthesis of newly expanded leaves was measured from 9:00 h to 15:00 h using a Li-Cor 6400 portable photosynthesis open system. Leaf temperature during measurements was maintained at 27.060.1°C, with a photosynthetic photon flux intensity (PPFD) of 1500 lmol photons m À2 s À1 . The ambient CO 2 concentration in the cuvette (C a-c ) was adjusted as atmospheric CO 2 concentration (C a ) (41661.5 lmol CO 2 mol À1 ), and the relative humidity was maintained at 20%. Data were recorded after equilibration to a steady state (;10 min). The measured leaves were labelled, and leaf areas were calculated based on the labelled area. The following gasexchange measurements were also conducted with the same labelled leaves.
One day later, simultaneous measurements of A/C i curves and chlorophyll fluorescence were conducted on lightadjusted newly expanded leaves with a Li-Cor 6400 infrared gas analyser. Leaf temperature, PPFD, and relative humidity during measurements were maintained as mentioned above. Prior to measurements, leaves were placed in the cuvette at a PPFD of 1500 lmol photons m À2 s À1 ; C a-c was maintained at 400 lmol CO 2 mol À1 with a CO 2 mixer. Ten minutes later, C a-c was controlled across a series of 1000, 800, 600, 400, 200, 150, 100, and 50 lmol CO 2 mol À1 ; gasexchange measurements, steady-state fluorescence (F s ), and maximum fluorescence (F m #) were recorded after equilibration to a steady state. F m # of each C a-c was measured using a 0.8 s saturating pulse of light (;8000 lmol photons m À2 s À1 ). F s and F m # at a PPFD of 1500 lmol photons m À2 s
À1
and a C a-c of 400 lmol CO 2 mol À1 were used to calculate (F m #-F s )/F m #. Carboxylation efficiency (CE) was calculated as the initial slope of A/C i curves when C a-c was <200 lmol CO 2 mol À1 . One day later, the light-response curves of newly expanded leaves were measured. Leaf temperature and relative humidity were also maintained as detailed above, and C a-c was the atmospheric CO 2 concentration. Prior to measurements, leaves were placed in the cuvette at a PPFD of 1500 lmol photons m À2 s À1 . Ten minutes later, PPFD in the leaf cuvette was controlled across the series of 200, 150, 100, 50, and 0 lmol photons m À2 s À1 . Apparent quantum yield (a) was calculated as the slope of light-response curves.
Leakage was inevitable as leaves were attached to the cuvette (Flexas et al., 2007) . In order to minimize the effects of leakage on measurement of A and C i , gas leakage was checked to ensure no more than 0.2 lmol CO 2 mol À1 leaked when the CO 2 gradient between the leaf chamber and the atmosphere was ;500 lmol CO 2 mol À1 . The CO 2 concentration and water vapour between the leaf and the reference chamber were automatically matched before data were recorded.
Measurement of mitochondrial respiration rate in the light (R d ) and the CO 2 compensation point related to C i (C*) R d and C* were measured by the following procedures, which took advantage of the photorespiration rate being dependent on and R d being independent of PPFDs (reviewed by Brooks and Farquhar, 1985; Bernacchi et al., 2001) . When A/C i response curves were conducted at a series of CO 2 concentrations and at a series of PPFDs, they intersected at one point where A was the same at different PPFDs. Therefore, A at that point represented -R d , and C i represented C*. In the present experiment, R d and C* measurements were conducted on newly expanded leaves from 0:00 h to 4:00 h (Brooks and Farquhar, 1985; Guo et al., 2005 Guo et al., , 2007b . PPFDs in the cuvette were controlled as the series of 150, 300, and 600 lmol photons m À2 s À1 . At each PPFD, C a-c was adjusted as the series of 25, 50, 80, and 100 lmol CO 2 mol À1 . Thirty minutes prior to initiating measurements, leaves were placed in the cuvette with a PPFD of 600 lmol photons m À2 s À1 and a C a-c of 100 lmol CO 2 mol À1 .
Determination of Rubisco content
The Rubisco content of newly expanded leaves was determined according to Makino et al. (1985 Makino et al. ( , 1986 . Briefly, newly expanded leaves were sampled and immersed in liquid N and then stored at -70°C. A 0.5 g aliquot of newly expanded leaves was ground with addition of buffer solution containing 50 mmol l À1 TRIS-HCl (pH 8.0), 5 mmol l À1 b-mercaptoethanol, and glycerol 12.5% (v/v), and the extracts were centrifuged for 15 min at 1500 g at 2°C. Supernatant solution was mixed with dissolving solution, containing 2% (w/v) SDS, 4% (v/v) b-mercaptoethanol, and 10% (v/v) glycerol, and the mixture was boiled in water for 5 min for the assay of protein electrophoresis. An electrophoretic buffer system was used with an SDS-PAGE of a discontinuous buffer system with a 12.5% (w/v) separating gel and a 4% (w/v) concentrated gel. Afterwards, gels were washed with deionized water several times and then dyed in 0.25% Commassie Blue staining solution for 12 h and decolorized until the background was colourless. Large subunits and relevant small subunits were transferred into a 10 ml cuvette with 2 ml of formamide and washed in a 50°C water bath at room temperature for 8 h. The washed solutions were measured at 595 nm using background glue as blank and bovine serum albumin (BSA) as standard protein.
Electron microscopy
Approximately 1-2 mm 2 leaf sections were cut from the middle of newly expanded leaves using two razor blades, fixed in 2.5% glutaraldehyde (0.1 mol l À1 phosphate buffer, pH 7.4), and post-fixed with 2% osmium tetroxide. Specimens were dehydrated in a graded acetone series, and embedded in Epon 812. Leaf sections were cut on a Power Tome-XL ultramicrotome, stained with 2% uranyl acetate, and examined with an H-7650 transmission electron microscope (TEM).
After all measurements had been completed, plants were harvested and separated into root, stem, and leaf fractions. All samples were oven-dried at 105°C first for 30 min, and then at 70°C to constant weight. The whole labelled leaves were digested with H 2 SO 4 -H 2 O 2 at 260-270°C, and an Auto Analyzer 3 digital colorimeter (BRAN+LuEBBE) was used to determine the total leaf N concentration.
Models
Calculation of J T , J c , J o , and J max : The total electron transport rate (J T ) was calculated from Equation 1:
where a leaf is the leaf absorbance and b is the distribution of electrons between photosynthetic system I (PSI) and PSII. a leaf is dependent on the chlorophyll content, and a curvilinear relationship between leaf absorption and chlorophyll content was observed by Evans (Evans et al., 1996; Evans and Poorter, 2001 ). However, the curvature was extremely low when the chlorophyll content was >0.4 mmol m À2 . According to Evans and Poorter (2001) , the calculation of a leaf demonstrated that a leaf (0.84, 0.86, and 0.86, in leaves with low, intermediate, and high N content, respectively) was similar to the value of 0.85 (Asner et al., 1998; Manter and Kerrigan, 2004; Hans Lambers, personal communication) . In this study, a leaf was also assumed to be 0.85, and b was assumed to be 0.5 (Ehleringer and Pearcy, 1983; Alvertssom, 2001 ). Electron transport rates associated with carboxylation (J c ) and oxygenation (J o ) were calculated from Equations 2 and 3 according to Epron et al. (1995) .
where R d is the mitochondrial respiration rate in the light. The light-saturated potential rate of electron transport (J max ) depends on the chlorophyll concentration and temperature, and was calculated as 467 lmol photons (g Chl) À1 s À1 at 25°C according to Farquhar et al. (1980) and references therein. Also, Equation 1 can only hold when J T <J max .
Calculation of V cmax and J cmax : The maximum carboxylation rate limited by Rubisco (V cmax ) or RuBP regeneration (J cmax ) can be calculated according to the amount and activity of Rubisco or the electron transport rate. There are eight catalytic sites per molecule of Rubisco, whose molecular weight is 550 000 g mol À1 , and the average carboxylation rate of Rubisco is 2.5 CO 2 (carboxylation site)
À1 s À1 , which is widely used in calculation of V cmax (Farquhar et al., 1980; Tanaka et al., 2002; Zhu et al., 2004) . Therefore, V cmax was calculated as 832.5310 6 /550 000 ( ¼ 36.36) times the Rubisco content (g m À2 ) (Farquhar et al., 1980) . J cmax was determined from J max from Equation 4 according to Farquhar et al. (1980) .
where U is the ratio of the oxygenation rate (V o ) to the carboxylation rate (V c ) which was assumed to have a constant value of 0.25. V c equals the minimum value of V cmax and J cmax .
Calculation of C c and g m : C c and g m were calculated from Equations 5 and 6 according to Epron et al. (1995) and Manter and Kerrigan (2004) .
where S* is the apparent CO 2 /O 2 specificity factor for Rubisco, and was determined as the initial slope of the regression of J c /J o to C i /O. C i /O is the ratio of the CO 2 and O 2 mole fractions in the intercellular space (Fig. 1) . S, which is the CO 2 /O 2 specificity factor for Rubisco, was calculated from Equation 7 according to Brooks and Farquhar (1985) .
where O is the O 2 mole fraction in the intercellular space. As C* was measured at a known O 2 concentration (210 mmol O 2 mol
À1
), S could be calculated according to Equation 7. The values of C*, S*, and S are listed in Table 3 .
Statistics
One-way analysis of variance (ANOVA) was applied to assess differences for each parameter among treatments with the SAS 9.0 statistical software package. Linear regression of A/C i , A/C c , and J c /J o to C i /O curves was used to calculate CE A/Ci , CE A/Cc , and S* with Microsoft Excel 2003.
Results
Effects of different N concentrations on the growth of rice seedlings
Decreases in shoot dry mass and leaf area of rice seedlings supplied with a low concentration of N were observed 30 d after treatments started (Table 1) , and the suppression of root growth with a higher N supply produced a lower root/ shoot ratio. However, there were no significant differences in the biomass of root and shoot, and the leaf area between plants supplied with an intermediate and high concentration of N. Leaf N contents increased with the increases of N concentration supplied in the medium, and they were increased by 15% and 41% under intermediate and high N concentrations, respectively, compared with low N (Table 1) .
Effects of different N concentrations on leaf gasexchange parameters of rice seedlings
Compared with plants supplied with a low N concentration, the light-saturated CO 2 assimilation rate (A) and carboxylation efficiency (CE) were higher with intermediate and high N supplied to the medium. There were no significant differences in stomatal conductance (g s ) and apparent quantum yield (a) between plants supplied with different N concentrations. The intercellular CO 2 concentration (C i ) was lower with a high supply of N than with a low supply ( Table 2) .
Effects of leaf N content on R d , C*, C c , and g m Compared with plants supplied with a low N concentration, C*, C c , and g m were significantly higher when N was supplied in high concentrations. However, R d decreased as the concentration of N supplied increased in the medium, and no statistical differences in R d between the intermediate and the other two N levels were found (Table 3 ).
Effects of leaf N content on A/C i and A/C c response curves
The intercellular CO 2 response curves showed that the maximum light-saturated CO 2 assimilation rate (A max ) is associated with N supply, ;33, 36, and 39 lmol CO 2 m À2 s À1 being the values found under low, intermediate, and high levels of supply of N, respectively (Fig. 2) , and CE A/Ci (the initial slope of the A/C i response curve) increased with increasing supply of N. The estimated chloroplastic CO 2 response curves demonstrated that, although A max varied with different concentrations of N supplied, there were no significant differences in CE A/Cc (the initial slope of the A/ C c response curve) ( Table 2) .
Discussion
Rice growth is related to N concentration and photosynthetic rate
The familiar phenomena of plant growth under low and intermediate N concentrations were observed in this experiment, such as a larger leaf area and a lower root/shoot ratio. However, a higher leaf N content was found when a high concentration of N (100 mg l À1 ) was supplied, but there were no differences in the dry mass of root and shoot, and leaf area compared with an intermediate supply of N; these N responses have been mentioned previously (Good et al., 2007) . Analysing the gas-exchange parameters produced by different N levels illustrated that, although the carboxylation efficiency (CE A/Ci , calculated from A/C i response curves) differed with different levels of N supplied, there were no differences in a, and the photosynthetic rate did not increase correspondingly with the increased supply of N and/or leaf N content. It was considered that this noncorresponding discrepancy between leaf N content and photosynthetic rate is related to photosynthetic efficiency, which is caused by the chloroplastic CO 2 concentration (C c ).
Low C c is the ultimate limiting factor for light-saturated photosynthesis
After entering the stomatal pore, CO 2 molecules must pass through other phases to reach the carboxylation site (chloroplastic CO 2 concentration, C c ), i.e. the cell wall, plasmalemma, cytosol, chloroplast envelope, and stroma. Many recent studies have demonstrated that A was primarily dependent on this CO 2 transportation and/or ), carboxylation efficiency calculated from A/C i curves (CE A/Ci ) and from A/C c curves (CE A/Cc ), and apparent quantum yield (a) of rice plants CE A/Ci and CE A/Cc were calculated as the initial slope of A/C i and A/C c curves, respectively, when C a-c was <200 lmol CO 2 Ámol À1 . a was calculated as the initial slope of light response curves when the light intensity in the cuvette was <250 lmol photons m À2 s À1 . Rice plants were supplied with three different nitrogen concentrations in solutions (20 mg l À1 N as low-N, 40 mg l À1 N as intermediate-N, and 100 mg l À1 N as high-N). Data are means 6SD of five replicates for A, g s , and C i , and of three replicates for CE A/Ci , CE A/Cc , and a. Significant differences (P <5%) among treatments are indicated by different letters. conductance, so-called mesophyll conductance (g m ) . To estimate C c and g m under conditions of supply of different N concentrations, gas-exchange and chlorophyll fluorescence measurements were synchronously conducted and analysed (Epron et al., 1995; Manter and Kerrigan, 2004) . Compared with leaves with a low N content, increases in chlorophyll content were observed in leaves with intermediate and high N content. This resulted in an increase in the maximal electron transport rate (J max ) (Table 4) . If it is assumed that there are no changes in (F m #-F s )/F m #, a leaf (leaf absorbance), and b (distribution of electrons between photosynthetic systems) with increasing PPFDs, then the saturated light intensity could be set at 810, 960, and 1000 lmol photons m À2 s À1 for leaves with low, intermediate, and high N content, respectively. Therefore, 1500 lmol photons m À2 s À1 will be a saturating light intensity for rice plants and can provide sufficient ATP, NADPH, and RuBP for carboxylation that is less than J cmax , which was calculated from Equation 4 and assuming that U was constant at 0.25 under different PPFDs.
According to classic theories mentioned by Farquhar et al. (1980) , the estimated V cmax values were 42.88, 51.04, and 62.29 lmol CO 2 m À2 s À1 in rice leaves supplied with low, intermediate, and high N, respectively. If Rubisco is fully activated, a series of optimal Rubisco contents (Rubisco opt ) of 0.50, 0.58, and 0.66 g m À2 in leaves with a low, intermediate, and high N content are needed to meet the requirement of light-saturated photosynthesis at atmospheric CO 2 concentration. Compared with total Rubisco content (Table 1) , Rubisco opt only accounts for 42.66, 43.09, and 38.47% of total Rubisco content, indicating that more than half of Rubisco was in an unactivated state, and there was a higher partitioning of unactivated Rubisco in rice plants supplied with a high N concentration than in those supplied with a low and intermediate N concentration; that part of Rubisco could play a role in N storage (Cheng and Fuchigami, 2000; Manter and Kerrigan, 2004) .
J cmax and V cmax were higher than the light-saturated photosynthetic rate at the atmospheric CO 2 concentration, which implied that the Rubisco potential carboxylation capacity and RuBP regeneration rate were not limiting factors for the light-saturated photosynthetic rate. With the increase of C c , A was increased to approximately the minimum of J cmax and V cmax , and C c was ;450-500 lmol CO 2 mol À1 when A equalled A max . All the above indicated that C c was not saturated and was the ultimate limiting factor for photosynthesis (Bernacchi et al., 2002; Leegood et al., 2004) .
Resistances in the CO 2 diffusion pathway
Resistances in the CO 2 diffusion pathway could be simply divided into three main components: boundary layer, stomatal conductance (g s ), and mesophyll conductance (g m ) (Bernacchi et al., 2002) . As CO 2 and water vapour share ), CO 2 / O 2 specificity factor for Rubisco (S, mol mol À1 ), and apparent CO 2 /O 2 specificity factor for Rubisco (S*, mol mol À1 )
S was calculated according to the equation C*¼0.53O/S at known O 2 concentration (210 mmol CO 2 mol À1 ), and S* was calculated as the initial slope of the regression of a common diffusion pathway from the atmosphere to the intercellular space, resistances induced by the boundary layer and stomata (g s ) could be easily estimated according to water vapour fluxes . The estimation of g m is difficult, and was considered to be large enough to have a negligible impact on photosynthesis in previous studies (Farquhar et al., 1980) . Based on the technique of isotope analysis (d 13 C) and chlorophyll fluorescence, three methods have been developed to estimate g m in the last century Loreto et al., 1992) . Many subsequent studies have demonstrated that g m was sufficiently small to decrease C c markedly Loreto et al., 1992; Eichelmann and Laisk, 1999; Bernacchi et al., 2002) .
CO 2 must dissolve and diffuse in the liquid phase of mesophyll cells, so g m is mainly determined by the conductance in the liquid phase (g liq ) Hanba et al., 2004) . CO 2 conductance in the liquid phase can be expressed as g liq ¼C liq 3S c , where C liq and S c are conductance per unit of exposed chloroplast surface area and surface area of chloroplasts facing the intercellular space, respectively (Hanba et al., 2004, and references therein) . C liq can be affected by the cell wall, plasma membrane (Kogami et al., 2001) , and the distance between the intercellular space and catalytic site of Rubisco (D I-R ). A thick cell wall and plasma membrane, and a long D I-R will decrease C liq and ultimately decrease g liq . N deficiency significantly decreased the size of chloroplasts (Hall et al., 1972; Bondada and Syvertsen, 2005) , and an increase in the size of chloroplasts under excessive N supply was reported in certain rice cultivars (Laza et al., 1993) . The increased size of chloroplasts would result in an increase in S c and consequently an increase in g liq . In the present study, D I-R decreased with increasing N content in leaves, and the chloroplast size increased markedly in rice leaves supplied with a high N concentration (Fig. 3) . The average distances from the chloroplast edge to the cell wall were ;0.5, 0.35, and 0.2 lm, in leaves with a low, intermediate, and high N content, respectively (Fig. 3) . Decreased D I-R and increased chloroplast size in leaves with a high N content would facilitate CO 2 diffusion in the liquid phase of mesophyll cells, and it could be the reason why g m and C c increased with increasing N content in leaves, and ultimately resulted in an increase of the light-saturated photosynthetic rate (Table 2) .
Plasma membrane intrinsic aquaporins (PIPs) were demonstrated to facilitate CO 2 transport through the chloroplast envelope (Uehlein et al., 2003) . Several studies have shown that PIPs in the root system varied with N supply and/or N forms in the medium (Clarkson et al., 2000; Guo et al., 2007a) . From the present results of C c and g m , it is reasonable to speculate that chloroplast PIPs might be regulated by different N status in rice leaves.
A larger g m in leaves with a high N content was also observed in other plant species (von Caemmerer and Evans, 1991; Warren, 2004) , that might have resulted in a higher C c under certain conditions. Although C c was observed to be higher when supplied with a high N concentration than with a low N concentration (Table 3) , relatively less Rubisco was activated, which was shown by a lower ratio of CE A/Ci or CE A/Cc to Rubisco content; this phenomenon illustrated that the increased C c could not correspond to a higher Rubisco content in plants supplied with a high N concentration under saturated light intensity. Therefore, the limitation to photosynthesis posed by C c and/or internal CO 2 conductance might be greater in leaves with a high N content, which is consistent with the results of Warren (2004) , despite a discrepancy in the variation of C c between the results of Warren (2004) and those of the present study. This meant that the increased Rubisco in leaves with a high N content functioned as both an N storage protein and a catalytic enzyme, which is in accordance with the results of Warren et al. (2003) .
Rubisco activity in leaves with different N contents
The linear relationship between leaf N content and lightsaturated photosynthetic rate was demonstrated in numerous studies (Evans, 1983; Makino et al., 1994 Makino et al., , 1997a , and initial Rubisco activity in vivo in leaves with a high N content was found to be higher than that in leaves with a low N content (Makino et al., 1992 (Makino et al., , 1994 Cheng and Fuchigami, 2000) . Considering the variation in mesophyll conductance, and consequently chloroplastic CO 2 concentration, in rice leaves supplied with different N concentration, to investigate the initial Rubisco activity and its CO 2 fixation efficiency in vivo it is reasonable to analyse the differences between CE A/Ci and CE A/Cc in rice leaves with different N content, and no differences were found in CE A/ Cc between rice leaves with different N content (Table 2 ). These findings demonstrated that the higher light-saturated photosynthetic rate of rice leaves receiving a high N supply was associated with their high mesophyll conductance and consequently high chloroplastic CO 2 concentration. The results also demonstrated that a higher supply of N increased the content while decreasing the activation state of Rubisco (Cheng and Fuchigami, 2000; Manter and Kerrigan, 2004) . A decreased Rubisco activation state in leaves with a high N content compared with those with a low N content accounted for the similar CE A/Cc among leaves supplied with different N concentrations.
Conclusions
The light-saturated photosynthetic rate is correlated with leaf N and Rubisco content, and carboxylation efficiency is generally considered as an ultimately limiting factor for CO 2 fixation, which primarily depends on Rubisco activity and/or carboxylation capacity. In the present study, it was demonstrated that when plants are supplied with a high concentration of N, although the light-saturated photosynthetic rate increased significantly compared with those supplied with a low concentration, the A/Rubisco ratio remains in a certain range, indicating that the limitation of CO 2 assimilation was shifted to RuBP regeneration and/or chloroplastic CO 2 partial pressure. Considering chloroplastic size (surface area or distance to the plasma membrane), it is reasonable to speculate that a higher chloroplastic size is favourable for higher carbon gain, especially in rice bred for high N utilization.
